ABSTRACT
Legislation published in December 2014 revised both the List of Waste (LoW) and amended Appendix III of the revised Waste Framework Directive 2008/98/EC; the latter redefined hazardous properties HP 1 to HP 13 and HP 15 but left the assessment of HP 14 unchanged to allow time for the Directorate General of the Environment of the European Commission to complete a study that is examining the impacts of four different calculation methods for the assessment of HP 14. This paper is a contribution to the assessment of the four calculation methods. It also includes the results of a fifth calculation method; referred to as "Method 2 with extended M-factors".
Two sets of data were utilised in the assessment; the first (Data Set #1) comprised analytical data for 32 different waste streams (16 hazardous (H), 9 non-hazardous (NH) and 7 mirror entries, as classified by the LoW) while the second data set (Data Set #2), supplied by the eco industries, comprised analytical data for 88 waste streams, all classified as hazardous (H) by the LoW.
Two approaches were used to assess the five calculation methods. A second approach is the absolute matching or concordance with the LoW. The LoW is taken as a reference method and the H wastes are all supposed to be HP 14. This point is discussed in the paper. The concordance for one calculation method is established by the number of wastes with identical classification by the considered calculation method and the LoW (i.e. H to H, NH to NH). The discordance is established as well, that is when the waste is classified "H" in the LoW and "NH" by calculation (i.e. an under-estimation of the hazard). For Data Set #1, Method 2 with extended M-factors matches best with the LoW (80% concordant H and non-H by LoW, and 13% discordant for H waste by LoW). This method more correctly classifies wastes containing substances with high ecotoxicity. Methods 1 and 3 have nearly as good matches (76% and 72% concordant H and non-H by LoW, and 13% and 6% respectively discordant for H waste by LoW). Method 2 with extended M-factors, but limited to the M-factors published in the CLP has insufficient concordance (64% concordant H and non-H by LoW, and 50% discordant for H waste by LoW). As the same method with extended M-factors gives the best performance, the lower performance is due to the limited set of M-factors in the CLP. Method 4 is divergent (60% concordant H and non-H by LoW, and 56% discordant for H waste by LoW).
For Data Set #2, Methods 2 and 4 do not correctly classify 24 air pollution control residues from incineration 19 01 07* (3/24 and 2/24 respectively), and should not be used, while Methods 3, 1 and 2 with extended M-factors successfully classify 100% of them as hazardous. From the two sets of data, Method 2 with extended M-factors (corresponding more closely to the CLP methods used for products) matches best with the LoW when the LoW code is safely known, and Method 3 and 1 will deviate from the LoW if the samples contain substances with high ecotoxicity (in particular PAHs). Methods 2 and 4 are not recommended. Formally, this conclusion depends on the waste streams that are used for the comparison of methods and the relevancy of the classification as hazardous for ecotoxicity in the LoW. Since the set is large (120 waste streams) and no selection has been made here in the available data, the conclusion should be robust.
INTRODUCTION
In 2014, the Member States of the European Union updated the European List of Wastes (LoW) and defined the 15 hazard properties (HP) of wastes with the exception of HP 14 'Ecotoxic' (EC 2014a, b) . This hazard property is the most frequent classifying property as hazardous for waste (Hennebert et al. 2014) The four methods differ due to the varying application of hazard statement codes, concentration limits and M-factors.
The assessment of the methods is focused on the so-called "mirror entries" in the LoW, that is waste that can be either hazardous or non-hazardous; those that must be assessed for their hazardous properties based on their chemical composition or by biological testing. With "mirror entries", the result of the Call for Tenders will be limited to a ranking of the four methods by their frequency of classification, which is the arithmetic value of their limits of concentration. This ranking, depending on the M-factors, is presented below. This paper is a contribution to the assessment of these four calculation methods, combined with the presentation of a fifth method that applies "extended M-factors", i.e. M-factors calculated from reviewed EC50 and NOEC data for a broader range of inorganic and organic substances, including substances important in waste, like the polyaromatic hydrocarbons (PAHs). Using only the "absolute entries" of the LoW as a reference, and applying the five different classification methods, the methods can be ranked by seeing how closely the results match the LoW classification. To use the LoW as a reference method is a choice of this paper. The correctness of this choice can be argued but we have not found another method. The LoW and hazardous waste classification is political and complex due to links to the CLP (no clear right or wrong approach).
Some broader questions as the relevance of the LoW and the speciation of the metallic compounds for proper classification are highlighted. A list of M-factors is proposed.
MATERIAL AND METHODS

Calculation methods for HP 14, and justification of a method with extended M-factors
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The different calculation methods (named Method 1 to 4) in the Call for Tenders are:
-Method 1: Σ c H400 ≥ 25 %, or (100 x Σc H410) + (10 x Σc H411) + (Σc H412) ≥ 25 %, or Σ c H410 + Σ c H411 + Σ c H412 + Σ c H413 ≥ 25 % -Method 2:
Σ (c H400 × M) ≥ 25 %, or Σ (M × 10 × c H410) + Σ c H411 ≥ 25 % The cut-off value for consideration in an assessment for Aquatic Acute 1 and Aquatic Chronic 1 is 0.1/M %; and for Aquatic Chronic 2 is 1%.
The M-factors will be determined as follows: For substances for which M-factors have been established in Table 3 .1, Annex VI of the CLP Regulation, those multiplying factors shall apply.
For substances for which no M-factors have been established in Annex VI, a multiplying factor M = 1 shall apply. For easier comparison, these methods are presented at Table 1 . For each method, each rule of classification is written as a column in the table. To assess HP 14, each concentration of a substance with the hazard statement code must be divided by concentration limit specified in the table, and the ratios must be summed. The sum of these ratios is a hazard index. If it is ≥ 1, the waste is hazardous for this rule of classification. If it is <1, the waste is considered as nonhazardous for that rule. Table 1 We have also assessed a fifth method (named "Method 2 with extended M-factors"). The limitation of hazard assessment to chronic ecotoxicity of level 1 and 2 (not taking into account level 3 of CLP -level 4 is presented as a "safety net" in the CLP) for waste is argued by an impact assessment (Hennebert and Rebishung, 2012 (under-estimation of the hazard) will also be considered. Erroneous classification of nonhazardous waste as hazardous can also be problematic, but, for the clarity of the paper, will not be handled here.
Waste and Waste composition data
Data Set #1 has 32 different waste streams with known LoW codes . For three wastes with mirror entries, an entry has been chosen based on independent information. The bauxite residue (waste stream #46) has been washed and dried in press filter and amended with gypsum to bring the pH to 8.5, to allow plants to grow on it (Hennebert et al. 2014) . For this waste stream, the non-hazardous mirror entry code has been used. In contrast, for two sulfidic mine tailings waste streams (#64 and #66), that have been without vegetation for 60 years and produce acid mine drainage (pH 3.5 and 2.8), the hazardous mirror entry has been selected. Most of the wastes have been analysed according to AFNOR XP X30-489 "Determination of elements and substances in waste" which is being discussed as a European standardization Work Item submitted to formal vote (CEN/TC 292 2015) . This approach will give a reasonable approximation as to the composition of the waste undergoing hazardous waste classification and can also be used for Seveso classification, Water Framework Directive classification, transport regulation, and occupational health and safety requirements. Please be aware that hazard classification with incomplete analytical data is misleading.
For Data Set #1, the analytical mass balances (sum of all measured concentrations) were better than 90%. Some of these wastes were presented in Hennebert et al. (2013) . When the concentration of a substance is below its limit of quantification (LOQ), the LOQ has been used as the concentration. The concentrations are expressed in terms of dry matter for solid waste and on raw mass (including water) for liquid waste. The hazard indexes can be expressed on dry matter or on raw mass by conversion using the relevant moisture content correction.
Data Set #2 comprises a set of laboratory results from 88 different waste streams. The original analytical data were supplied by the professional body representing the French eco-industries (SYVED, SYPRED, CNPA). The 88 waste streams have been analysed exhaustively (AFNOR XP X30-489) but for practical reasons only results for volatile and semi-volatile compounds,
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petroleum products, and heavy metals are used here (not PAH concentrations). Among these, results for 208 substances have been excluded from the assessment because they are not documented in the CLP. The mass balance for the remaining analysed concentrations has a mean value of 7.8 % (with one sample reaching 78%), covering 179 substances and metals (including 13 heavy metals) where they were detected. Across the whole of Data Set #2, there were only 34 common substances (including the 13 metals). The classification results presented below are hence not "absolute" results, but they can be used to compare the calculation methods. A first step to avoid expensive speciation work is to use "worst case with information" approach, i.e. 1) to suppose that a particular metal is in its most hazardous form in the waste, and 2) that it can realistically be present in the waste. "Simple" metal compounds with only one ecotoxic element are used rather than more complex metal compounds (i.e. sodium chromate instead of lead chromate). A list of such substances can be found for all HPs in Hennebert and Rebischung (2015) . That list has been used here for HP 14. For the 12 heavy metals, the species used here are presented at Tables 7.1 and 7.2 It must be remembered that the "exact" classification of one waste stream should not use the total content of metal with the worst case compound, but the content of each metallic compound (silicate, embedded species as catalyst in a polymer matrix, soluble forms…) and its hazard statement code. In particular, CLP addresses aquatic ecotoxicity, and terrestrial ecotoxicity is not assessed. For ecotoxicity, according to ECHA's Guidance on the application of the CLP criteria (2011), a substance must be dissolved (in water) in order to be available for an ecotoxicological response or to migrate into the environment and subsequently pose a potential hazard.
Speciation of mineral elements to mineral substances
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For the purpose of this paper (Which method matches best with the LoW?), those considerations are not a major obstacle.
M-factors
In the CLP, multiplying factors for the concentrations of the substances that produce biological effects in tests at concentration < 1 mg/L are used to calculate the hazard for the aquatic environment. Table 3 
5. Arithmetic comparison of the calculation methods for HP 14
To give an insight about the proposition of DG ENV 2014 and the proposition of a fifth method, the five calculation methods can tentatively be classified by increasing concentration limit, taking into account the following observations: a. A waste classified as acute ecotoxic is also classified as chronic ecotoxic (empirical result not presented for this set of data, other data in Hennebert et al., 2014) . The reverse is not true.
This statement cannot be verified if the waste contains hazardous degradable substances that have an acute M-factor greater than a chronic M-factor. This is the case for some PAH:
benzo[k]fluoranthene, Macute = 100, Mchronic = 10; anthracene, 100 and 10 respectively; fluoranthene, 100 and 10; pyrene, 10 and 10; phenanthrene, 10 and 1. Excepted for these cases, the comparison of methods may therefore be limited to chronic ecotoxicity;
b. References to hazard statement codes H412 and H413 do not play a practical role in the classification of waste, because the cumulative concentrations must achieve 25% and such concentrations are unlikely to be present in the waste. The number of substances with these hazard statements codes in Table 3 .1 of Annex VI CLP (H412: 431 substances, and H413: 254 substances) for H412 are mainly related to synthetic organic chemicals and the minerals tin chloride and powdered nickel (excluding rare substances), and for H413, elements and substances containing Ni, Co, Se, U, Tl and cadmium sulfide. With a 25% cumulative concentration, these materials will not be a priori material that the waste holder wishes to 8/13
discard, but rather a resource which the holder will seek to use due to their technical or commercial value. Comparing methods can therefore be confined to the limits of concentration of H410 and H411 substances;
c. The arithmetic ranking concentration limits of the five calculation methods for chronic ecotoxicity H410 and H411 depend on the value of the chronic M-factor. If a mean chronic Mfactor is hypothesized, and if that M-factor is in the CLP Annex VI, a classification by increasing concentration limit can be set ( Table 2) 
RESULTS AND DISCUSSION
Classification of Data Set #1
The results for the 32 waste streams are presented at Table 4 , ordered by method with decreasing corresponding score with the LoW. The scores are presented in Table 5 . Table 4   Table 5 One criterion to measure the relative ranking of the five calculation methods can be to assess the number of waste streams that each method classifies as hazardous. The order (Table 5) (Table 2) .
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A more complete approach is to look for "absolute" matching of both H and NH waste (Table5).
Method 2 with extended M-factors is the most concordant and second best (equal with Method 1) in terms of not matching the LoW entry.
The other calculation methods then rank in the order of concentration limits set forth above, with decreasing performance. The wastes that may contain these substances are wastes from the chemical or metallurgical industry, petroleum products and combustion residues, pesticides packaging, and soils, sludges and contaminated sediments. Only some of the wastes were analysed for PAHs, which explains the differences in ranking.
In Data Set #1, there is a PAH, benz(a)anthracene in waste stream #28, and a pesticide, chlorpyrifos, in waste stream #19.
Method 2, which utilises only the harmonized M-factors published in the CLP, is less concordant (i.e. lower ranking). As the same method with extended M-factors gives the best performance, the poorer performance of this method clearly comes from the limited set of M-factors.
Method 4 is poorly concordant or even divergent.
Classification of Data Set #2
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The 88 waste streams in Data Set #2 are representative of the main industrial hazardous waste streams in Europe (Table 6 ). The assumptions used to assess the chemistry of these waste streams are the usual ones, either assuming a standard composition or a composition based on a particular treatment process and are not necessarily chemically exact. The number of entries in the LoW per waste type is presented in Table 6 . Waste from incineration processes are specifically identified (corresponding to one entry in the LoW), but the other wastes are mixtures of different wastes, created during collection and treatment processes (corresponding to as many as 142 entries in the LoW). All the entries are hazardous. All the wastes of this data set are therefore classified by the LoW as hazardous. It is not known which entries were classified as hazardous due to just the hazard property 'ecotoxic' or for any other hazard property (e.g. HP 7
carcinogenic). The number of waste streams classified as hazardous by each method is also presented in Table 6 .
Solid wastes are more frequently classified as hazardous than are liquid wastes. If the number of LoW entries increases (waste streams originating from other industries or processes), the frequency of a hazardous outcome decreases. While some liquid wastes are not classified, the most classified liquid wastes are engine oils, hydraulic oils and halogenated solvents.
The methods are ranked in Table 6 by decreasing number of samples classified as hazardous:
Method 3 > Method 1 > Method 2 with extended M-factors > Method 2 > Method 4. This result corresponds to the arithmetic ranking by concentration limits for chronic ecotoxicity in case of mean M=10 (Table 2 ).
The six incineration waste types (24 waste streams) are air pollution residues (APC) from industrial or municipal solid waste incineration (MSWI). They have a highly soluble fraction and contain heavy metals epurated from the fumes. They correspond to 19 01 07*. They are recognized by experts as ecotoxic and have received a hazardous entry in the LoW due to (in part) this ecotoxic hazard. Methods 3, 1 and 2 with extended M-factors successfully classify these 24 waste streams as hazardous. Methods 2 and 4 fail to classify them as hazardous, and
should not be used.
The remaining Method 3, 1 and 2 with extended M-factors give exactly the same assessment results except for four of the waste streams: packages and materials, organic pasty waste, hydrocarbons for incineration and halogenated solvents. For these 33 waste streams, Method 1 classifies 22 of them as hazardous, Method 3 classifies 15, and Method 2 with extended Mfactors classifies 12 of them as hazardous. The analytical data are from different waste streams (many LoW entries) and it is not known as to the extent by which they have been classified as ecotoxic by experts establishing the LoW and/or by the other hazard properties.
11/13 Table 6 Metals and substances triggering classification for the Method 2 with extended M-factors
With respect to the waste streams in Data Set #1, the metal elements (worst case hypothesis) that triggered a hazardous classification were Zn (19 times for 32 samples), Cu (11), Hg (7), Pb (7), Co (5), Cd (4), Cr(VI) (4), and Ni (2). For organics, it was benz[a]anthracene (H400 M=100 and H410 M=1), and the pesticide chlorpyrifos (H400 M=10 000 and H410 M=10 000).
With respect to the waste streams in Data Set #2 (with the more limited analysis), the elements (worst case hypothesis) that triggered a hazardous classification were Zn (42 times for 88 samples), Cu (34), Pb (31), Cd (24), Hg (13), Ni (2), Cr(III) (1) and Cr(VI) (1), while concentrations of As (H400 M=10 and H410 M=10), Se (H400 M=1 and H410 M=10) and Sb (H411) compounds were too low to be significant. For organics, it was heptane, octane, cyclohexane, dipentene, 1,2,4-trimethylbenzene, 1,1-dichloro-1-fluoroethane, 1,2,4-trichlorobenzene and diesel fuel (gasoil), that contributed to the hazardous classifications.
Additionnal tables of M-factors (Tables 7.1 to 7.4)
In Table 3 Methods 1 and 3 are similar in terms of matching (76% and 72% concordant H and non-H by LoW, and 13% and 6% respectively discordant for H waste by LoW), but they will not correctly classify waste containing substances with high ecotoxicity (in particular the PAHs frequently encountered in waste). Method 2 which is limited to the M-factors published in the CLP, has insufficient concordance (64% concordant H and non-H by LoW, and 50% discordant for H waste by LoW). As the same method with extended M-factors gives the best performance, the lower performance is due to the limited set of M-factors. Method 4 is divergent (60% concordant 13/13 H and non-H by LoW, and 56% discordant for H waste by LoW).
From Data Set #2, Methods 2 and 4 don't correctly classify the 24 air pollution control residues and should not be used.
From the two sets of data, Method 2 with extended M-factors (corresponding more closely to the CLP methods used for products) matches best with the LoW when the code is known, and Method 3 and 1 will deviate from the LoW if the samples contain substances with high ecotoxicity (in particular PAHs). Methods 2 and 4 are not recommended.
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